We use first-principles density functional theory (DFT) within the local density approximation (LDA) to ascertain the ground state structure of real and theoretical compounds with the formula ABS 3 (A = K, Rb, Cs, Ca, Sr, Ba, Tl, Sn, Pb, and Bi; and B = Sc, Y, Ti, Zr, V, and Nb) under the constraint that B must have a d 0 electronic configuration. Our findings indicate that none of these AB combinations prefer a perovskite ground state with corner-sharing BS 6 octahedra, but that they prefer phases with either edge-or face-sharing motifs. Further, a simple two-dimensional structure field map created from A and B ionic radii provides a neat demarcation between combinations preferring face-sharing versus edgesharing phases for most of these combinations. We then show that by modifying the common Goldschmidt tolerance factor with a multiplicative term based on the electronegativity difference between A and S, the demarcation between predicted edge-sharing and face-sharing ground state phases is enhanced. We also demonstrate that, by calculating the free energy contribution of phonons, some of these compounds may assume multiple phases as synthesis temperatures are altered, or as ambient temperatures rise or fall.
I. INTRODUCTION
In a key work, Muller and Roy used the crystal chemistry method of cation-anion coordination to categorize many of the compounds found experimentally in the major ternary structural families A 2 BX 4 , AB 2 X 4 , and ABX 3 known at the time of its publication in 1974. [1] In their analysis of ABX 3 compounds, they constructed structure field maps for those compounds with anions X = O, F, and Cl. These maps plot structure as a function of A and B ionic radii and often lead to regions on the diagrams where only certain phases have been realized experimentally. From these maps, the structures for other A and B pairs can be predicted. Absent from their analysis is any structure field map of ABS 3 compounds. Indeed, very few of the compounds listed in their ABX 3 section have X = S, and, for those that do, some of these have phases that were reported as not known with certainty (e. g. the compounds CaZrS 3 and SrZrS 3 synthesized by Clearfield [2] ).
Since Muller and Roy's work, the number of synthesized ABS 3 compounds has increased substantially; these show a distribution of structural motifs that is in stark contrast to their ABO 3 analogs. Most ABO 3 compounds show networks of corner-sharing BO 6 octahedra and are commonly called perovskites. Only a couple have been found in phases with purely face-sharing or edge-sharing BO 6 octahedral motifs. In contrast, ABS 3 compounds are observed with networks of either corner-, edge-, or face-sharing motifs, as well as compositions near ABS 3 (denoted as misfit sulfides) with sheets of edge-sharing BS 6 octahedra sandwiching incommensurate rock salt-like AS layers. For example, BaZrS 3 and CaZrS 3 form as corner-sharing perovskites; PbZrS 3 and TlTaS 3 form the edge-sharing NH 4 CdCl 3 phase; BaTiS 3 , BaVS 3 , and BaNbS 3 form face-sharing structures; and (SnS) 1.12 TiS 2 and (PbS) 1.18 TiS 2 form misfit layered compounds.
Unlike their ABO 3 analogs, ABS 3 compounds are not neatly classified by the Goldschmidt tolerance factor, [3] 
where the various r represent the ionic radii of the constituent species. A t = 1 indicates ideal packing in the cubic perovskite structure. As shown by Woodward for ABO 3 , the corner-sharing perovskite phase is stable for ≈0.95 < t < 1.05, with most octahedral tilts being observed for t < 1, and most untilted structures being realized for t > 1. [4] Coupled corner-and face-sharing phases (e. g. SrMnO 3 and BaRuO 3 ) begin to form when t > 1.04, and completely face-sharing phases with no corner-sharing character form when t > 1.10 (e. g. BaMnO 3 ). The completely 3 edge-sharing phase is rare in ABO 3 according to Goodenough, and he lists just a single case in his extensive review of ABO 3 compounds: RbNbO 3 with t = 1.085. [5] However, in the case of ABS 3 , just for the compounds listed above, overlapping ranges are obtained: 0.88 < t < 0.95 for corner-sharing structures, 0.92 < t < 1.01 for edge-sharing structures, and 0.98 < t < 1.03 for face-sharing structures.
In the early 1980s, Pettifor developed structure maps in a different way from Muller and Roy.
Instead of using the ionic radii for the abscissa and the ordinate, he defined a chemical scale based on the results of phase groupings of 574 binary compounds. [6] The elements, from hydrogen through the actinides, were scaled in such a manner that the resulting list also mirrored, to a large extent, an ordering of the elements by electronegativity. [7] In 1988, he applied his mapping method to various ternary formula families including ABS 3 compounds. [8] However, unlike the Muller and Roy maps of ABX 3 X=O, F, and Cl, Pettifor's map did not lead to a good demarcation between edge-sharing compounds and corner-sharing ones. Furthermore, if edge-sharing compounds not included in his figure (such as PbSnS 3 , BaSnS 3 , PbZrS 3 , and SnZrS 3 ) are also considered, demarcations between phases of different motifs becomes even more blurred. Finally, the discovery of the stable edgesharing phase of SrZrS 3 by Lee et al. [9] in 1999 also diminishes the distinction between edge-and corner-sharing regions of his map.
In the current paper, we investigate the disagreement between t factor expectations and experimental phase results in ABS 3 and develop a methodology for predicting the ground state structures of ABS 3 compounds and energetically competitive crystal structures that could be reasonably stabilized. We also calculate the LDA band gap for the ground state phase and these alternate phases to highlight the structure-property differences.
II. METHODOLOGY
In order to determine the ground state structural tendencies of ABS 3 compounds, we first construct a sample subset of 20 compounds. The A-sites considered are the Group 1 elements K, Rb, and Cs, the Group 2 elements Ca, Sr, and Ba, the Group 13 element Tl, the Group 14 elements The set of 21 phases chosen includes the most common experimentally found corner-, edge-, and face-sharing BX 6 octahedral structures. A few less common structural motifs, (two mixed-mode edge-and corner-sharing phases, several mixed mode face-and corner-sharing phases, and a phase with corner-sharing BX 4 tetrahedra) are also examined. The corner-sharing arrangements chosen are the cubic P m3m, the tetragonal P 4mm, the low temperature R3mR BaTiO 3 phase and two tilt systems denoted by Glazer's naming scheme: [11] the common a + a − a − / a + b − b − P nma and the low temperature a 0 a 0 c − I4/mcm of SrTiO 3 .
For edge-sharing systems, we consider four phases. The first, the commonly found NH 4 CdCl 3 P nma phase, has as its defining pattern double columns of edge-sharing BS 6 octahedra, with each octahedron sharing edges with four others. The second is the P na2 1 phase, which differs from this first phase in that atoms are displaced from high symmetry positions preserving a screw axis symmetry along the direction of the columns. The third edge-sharing phase is similar to the second, but displacements of atoms in the plane perpendicular to the screw axis are permitted.
This phase is well known for the family of YScS 3 P na2 1 structures, a group of compounds with lanthanide element A sites in which the edge-sharing occurs for AS 6 prisms and the BS 6 are corner connected. In order to distinguish between these two phases, we term them E P na2 1 and C P na2 1 respectively, with the E (edge) and C (corner) indicating the connectivity of the BS 6 octahedra.
The remaining edge-sharing phase is a very low symmetry P 1 phase found for RbNbO 3 .
Four of the face-sharing phases we consider are based on the research of Fagot et al. and
Ghedira et al.: [12, 13] the Cmcm, the C222 1 , the Cmc2 1 , and the P 6 3 /mmc. Like all face-sharing phases, they have separated single columns of face-sharing octahedra. The first three have an orthorhombic lattice. Cmcm has B cations occupying high symmetry coordinates (0 and 0.5) in all three Cartesian directions leading to collinear B cations in the columnar direction; in C222 1 , the B cations are non-collinear and zigzag about one of the directions perpendicular to the columns;
and in Cmc2 1 , the B cations zigzag in both directions perpendicular to the columns. The P 6 3 /mmc phase has a hexagonal unit cell and is the high symmetry analog of the orthorhombic Cmcm phase.
Two other hexagonal face-sharing phases, the P 6 3 cm and P 6 3 mc, are also evaluated. P 6 3 mc differs from P 6 3 /mmc in that the former allows B cation shifts from high symmetry positions in the column direction. For the P 6 3 cm phase, there are two distinct sets of columns of facesharing octahedra which are offset by a 1/4 unit vector in the column direction. Thus, in total, six 5 face-sharing phases are evaluated.
The remaining six phases considered are either one of two types of mixed mode phases, or a corner-sharing tetrahedral phase. Three mixed-mode face-sharing and corner-sharing phases are evaluated in this study and are labelled based on the fraction of face-sharing octahedra per unit cell as 2/3, 1/2, and 1/3. They are most easily visualized by considering their projections on the (110) plane: the first consists of stacks of three face-sharing octahedra joined at a corner; the second consists of stacks of two face-sharing octahedra joined at a corner; and the third consists of alternating stacks of two face-sharing octahedra sharing a corner with a single octahedron. Respectively, these phases are known by their structure type names as BaRuO 3 , BaMnO 3 , and BaFeO 2+x . A second type of mixed mode phase, one with mixed edge-and corner-sharing connectivity, is also considered.
The Cmcm phase of the compound CaIrO 3 , (which is proposed to exist under high pressures for MgSiO 3 ), [14] and its subgroup Cmc2 1 , (in which atoms are no longer confined to high symmetry positions along the z-axis), [15] have this motif and are respectively designated M M Cmcm and M M Cmc2 1 , with M M signifying "mixed mode". This phase is characterized by planes of BS 6 octahedra, in which the octahedra are connected by edges in one direction in the plane, and by corners in the other planar direction. Finally, a P bcm phase consisting of single columns of zig-zag corner-sharing tetrahedra is included, as all compounds with the AVO 3 (A = K, Rb, Cs, and Tl) chemical formula assume this structure.
The elements used in the study are represented in the DFT calculations by non-local, [16] normconserving optimized pseudopotentials [17] created with OPIUM.
[18] The plane wave cutoff energy used for both the pseudopotentials and the DFT calculations is 50 Ry. We vary the Monkhorst Pack (MP) grid [19] depending on the size of the unit cell. A k-point mesh of 16 is used along the reciprocal lattice directions for which the lattice parameter is ≈5Å; 8 if it is ≈10Å, and 4 if it is ≈20
A. All hexagonal phases use grid shifts of 0×0×0.5; all others incorporate a shift of 0.5×0.5×0.5.
Where an LDA band gap calculation is required on a relaxed structure for a particular compound, an unshifted MP grid is used. We consider a structure to be relaxed when successive self-consistent iterations yield total energy differences and atomic forces of less than 10 −8 Ha/unit cell and less than 10 −4 Ha/Bohr respectively.
For each of the lowest energy phases of the 20 compounds, and for those phases nearest to them in terms of relative energy, we obtain the entropy contribution to the free energy and assess compound stability by calculating the phonon normal mode frequencies at the Γ-point and then using the equation:
where N represents the number of atoms in the system, ω s represents a Γ-point normal mode frequency, k B is the Boltzmann constant, and T is temperature.
For the full set of 20 A-B combinations, we develop two structure field maps to elucidate sulfide structural preferences with respect to A and B We use the value of 1.4Å for the ionic radius for Sn 2+ which was calculated by Bennett et al. [22] We use 12-fold coordination radii for A, and six-fold coordination radii for B and S. Using these radii, we then reassess the Goldschmidt t factor in light of the preferred phases found. octahedral motifs. P A and P B represent the values of the scale assigned to each element. The value assigned to each element approximates its electronegativity. Further details as to the construction of this scale can be found in [7] .
The calculated ground state phases for the 20 ABS 3 compounds are plotted on the Muller and Roy ionic radii type structure field map in Figure 1 and the Pettifor type structure field map in sharing, E = edge-sharing, E/C = edge-and corner-sharing, and F = face-sharing. The number in the parentheses of the ∆E column is the difference in energy when the zero point of energy (ZPE) obtained from the phonon calculation is included. Structures that were found to be unstable due to negative phonons at the Γ-point are indicated with NP. The T trans column indicates the temperature at which the different structures have the same free energy and the system is predicted to undergo a phase transition. For some phases, there is no transition temperature, labelled NT. LDA band gaps (E g ) are listed and labeled with an I/D = indirect/direct. Please refer to the Methodology Section for space group nomenclature. to relaxations within the designated space groups. For the three cases where stability within the designated space groups was not established, we lifted the space group restriction and perturbed coordinates to obtain relaxed structures that were evaluated as stable. These were slightly lower in energy by at most 0.009 eV/20-atom unit cell as compared to the higher symmetry structure. These lower symmetry structures maintain the same motif as their higher symmetry parent structures.
Addition of zero-point energies (ZPE) to E DF T does not change the rankings. The T trans column indicates the temperature at which the ground state compound and another listed compound have the same free energies as a result of vibrational entropy differences. For many of these phase transitions, the LDA calculated band gaps for the different phases are significantly different, as can and Y compounds described in the text. The information below is described in the caption of Table I . be seen for the compounds with A = Ba and B = Ti and Zr.
As shown in Tables I and II , for those compounds which favor the edge-sharing ground state motif, none preferred the P 1 phase. Of particular note, the mixed corner-and edge-sharing phase is often found to have a relative energy between the lowest energy edge-sharing phase and the purely corner-sharing phase, perhaps hinting at a transition path between these two motifs. For those compounds which prefer the face-sharing ground state motif, all prefer one of the two orthorhombic phases, C222 1 or Cmc2 1 , over the hexagonal phases, excepting the low symmetry phase for RbNbS 3 which is monoclinic with one unit cell angle equal to 90.67 • . As well, of the compounds that prefer the face-sharing motif, only BaTiS 3 has the mixed mode face-and corner-sharing phases within 1 eV/20-atom unit cell of the ground state phase. Indeed, BaTiS 3 has the most phases within 1 eV/20-atom unit cell of the ground state. An expanded view of its phases is shown in Table III . No other compound has the corner-sharing octahedral P 4mm, P m3m, and R3mR phases within 1 eV of the ground state. Finally, absent from Table I is the corner-sharing tetrahedral P bcm phase. All compounds evaluated in this phase had energies > 1 eV/20-atom unit cell relative to the ground state.
In Table IV , the standard t for the set of 20 compounds used in this study is computed, ranked, and compared to the ground state structural motif. As can be seen from Table IV , there are no overlapping regions of t values for edge-and corner-sharing compounds, simply because there are no compounds which have been calculated to have a corner-sharing ground state. With the exception of the Tl-based materials, the ground-state face-and edge-sharing phases can also be predicted using the standard t factor. We also define the "Pettifor factor", P et A/B = P A /P B , which we define as the ratio of the Pettifor's chemical scale values for A and B and rank the data accordingly. In this scenario, the A = Tl compounds are no longer out of line. Moreover, for the set of compounds chosen for this study, there is a very strong correlation between P A and the ranking of the compounds by P et A/B . As mentioned in the Introduction, the standard t factor yields overlapping regions of edge-and corner-sharing compounds while the Pettifor chemical scales yields multiple regions of edge-and corner-sharing compounds. The reason ours do not is that existing materials, which have been synthesized at high temperature, are not always created in the ground state, unlike our DFT calculations which determine the ground-state energy at T = 0 K, as discussed in the next section.
The predictive ability of the tolerance factor can be further enhanced by taking electronegativity into account in a manner similar to Pearson, [23] and specifying a new generalized t factor, t = t∆χ(X-A)/∆χ(O-A), where ∆χ(X-A) is the electronegativity difference between X = (S, O) and Table IV . The same ranking would also be found if the denominator of the ratio, ∆χ(O-A), was not included in the formula. However, by including it, t remains equivalent to the original t for oxides. A formulation of t with a denominator of the ratio set to ∆χ(F-A), would lead to the same ranking again, but now be based on the absolute ranking of electronegativity of the elements in which F has the most negative value. This formulation would be more in the spirit of Pettifor's chemical scale, but it would lose the transferability back to the historic t factor values. Along these same lines, the √ 2 geometric factor in t is not needed to produce the rankings for either t or t , and it loses its significance in phases that have edge-, face-, and mixed-sharing motifs. As with all t factors, [24] the t construct is not perfect, as now the ranking of face-sharing BaTiS 3 and edge-sharing KNbS 3 with respect to t is reversed (but only by 0.006 units).
IV. DISCUSSION
Several of the 20 compounds considered in our study have been found experimentally to be in a different structural motif phase than the one we calculated as the ground state phase (BaTiS 3 , Our calculations show that the ground state phase of four out of the five B = Zr compounds in this study is the edge-sharing NH 4 CdCl 3 P nma phase. Only the CaZrS 3 ground state is different, being of mixed edge-and corner-sharing motif and, even in this case, the next higher energy state is predicted to be the edge-sharing NH 4 CdCl 3 P nma phase as well. All five of these compounds have been synthesized: two in the edge-sharing P nma phase (PbZrS 3 and SnZrS 3 ), [25] [26] [27] two in the corner-sharing P nma phase (CaZrS 3 and BaZrS 3 ), [2, 28] and one in both phases (SrZrS 3 ). [9] Prior theoretical calculations have also shown that the NH 4 CdCl 3 P nma phase is the lowest energy perovskite phase for BaZrS 3 . In our theoretical study, we show that for SrZrS 3 the corner-sharing phase is preferred at temperatures above 2050 K. With respect to Lee's results, our transition temperature at which the corner-sharing phase is preferred over the edge-sharing phase is approximately 900 K too high.
Though we do calculate a phase change near 1200 K, it is for a change to a mixed motif cornerand edge-sharing one, and not a completely corner-sharing phase. Thus, as our calculation method involves only harmonic Γ-point phonon contributions to energy, our errors can be attributed to not including full Brillouin zone averaging and anharmonic energy contributions. For PbZrS 3 and SnZrS 3 , the phase changes from edge-sharing to corner-sharing have similar crossover temperatures to SrZrS 3 . As they have been synthesized as edge-sharing phases at 1070 K, [25] [26] [27] our study suggests that they can also be made as corner-sharing phases by synthesizing at higher temperatures.
For BaZrS 3 , we calculate that the edge-sharing phase is energetically preferred below 90 K. As temperatures in the vicinity of 90 K are too low for synthesis, it would seem that, by itself, a change in synthesis temperature will not lead to the formation of the edge-sharing phase. While CaZrS 3 has only been made in the corner-sharing phase, we have shown that this phase is not energetically preferred over the edge-sharing phase or the mixed motif phase at any temperature. Therefore, it should be possible to achieve these other phases of CaZrS 3 through either lower synthesis temperatures alone or in combination with other changes in synthesis procedures such as increased pressure. Supporting this idea is the existence of another ABX 3 compound with A = Ca, CaIrO 3 , which is created in the mixed edge-and corner-sharing phase through the use of elevated pressures. [15] Next, we compare our theoretical space group and structure predictions of stoichiometric ternary sulfides in which the A cations have a lone pair electron configuration, (and with B not equal to Zr), with experimental literature for those systems where non-stoichiometric phases are reported.
For ABS 3 with A cations that possess a lone pair, (Pb, Sn, and Bi), the nonstoichiometric phases are chiefly composed of single sheets of edge-sharing BS 6 octahedra with a chemical formula of BS 2 separated by single or multiple planes of distorted rock salt AS. [30] An important point of agreement is that our calculations also predict an edge-sharing structure for each of these. However, the stoichiometric phases prefer pairs of columns of edge-sharing octahedra, rather than the sheets seen in the misfit compounds. Despite this difference, there is experimental evidence that these two For the lone Group II A that assumes a face-sharing ground state, BaTiS 3 , we find that it prefers the orthorhombic C222 1 space group. In the experimental literature, on the other hand, it is listed in one of two hexagonal space groups, P 6 3 /mmc or P 6 3 mc. [2, 34, 35] However, Clearfield has noted that at lower temperatures of synthesis (≈970 K), the compound could be characterized with either orthorhombic or hexagonal indexing. [2] As the synthesis temperature was increased to 1370 K, only hexagonal characterization was plausible. Thus, similarly to SrZrS 3 , the structure of proposed that BaVS 3 changes to a C1m1 phase as the temperature is lowered below 70 K. [12] To test whether this phase was possible for BaTiS 3 , we performed a relaxation of BaTiS 3 assuming the C1m1 phase and found that it was slightly lower in energy (∆E < 0.002 eV/20-atom unit cell) than the previously calculated C222 1 ground state; however, the Γ-point phonon calculation
showed that this phase was not stable at 0 K. These analyses also demonstrate one limitation of our work: when many phases are similar in energy, our free energy approximation can reorder the phases.
As is shown in Table III , the mixed mode face-and corner-sharing phases for BaTiS 3 energy levels fall between the wholly face-sharing phases and the wholly corner-sharing phases. The compound's oxide analog, BaTiO 3 , is most often cited to be a corner-sharing phase compound. It is worthy of note that BaTiO 3 has also been processed in the 1/3 phase, which is more formally known as the BaFeO 2+x phase.[36-38] Thus, our results are consistent with the literature analogs.
More importantly though, our calculations indicate that phase changes are possible from face-to corner-sharing modes, as we calculate transition temperatures from the C222 1 phase to the R3mR, P m3m, and P 4mm phases in the 340-375 K range. Based on the DFT calculations, we propose that BaTiS 3 will be found to be a highly structurally flexible material when synthesized by different experimental methods.
V. CONCLUSIONS
From a set of 21 phases known for ABX 3 compounds, we found that, for ABS 3 compounds in which the B element has a d 0 electronic configuration, the preferred phase for all but the largest A cations and smallest B cations are the edge-sharing P na2 1 and NH 4 CdCl 3 P nma phases.
These sulfides differ from their oxide counterparts, which favor corner-sharing phases. To predict the preferred structural motifs, we developed a modified Goldschmidt tolerance factor t . This incorporates the electronegativity difference between the A cation and S, but retains the original t for oxides, by normalizing the difference in electronegativity between the A cation and O. This formulation leads to a neat demarcation between the compounds that prefer a face-sharing ground state and those that prefer an edge-sharing one. 
